There has been an increasing awareness of the long-term neuropsychiatric pathologies associated with repeated mild traumatic brain injury (mTBI) and specifically sports-related concussive and subconcussive head impacts. 1 While mTBI had been associated with diffusion tensor imaging evidence of diffusivity changes in soccer, 2 American football, and hockey players, 3 the mechanisms underlying the development of post-mTBI neurodegenerative complications are poorly understood. Accumulating evidence points to vascular pathology and dysfunction of the blood-brain barrier (BBB) as a potential link between severe TBI and neurodegeneration. 4 Moreover, participation in American football has been associated with changes in blood proteins reflecting BBB leakage. 5 Thus, here we set out to visualize the extent and location of BBB dysfunction in football players using dynamic contrast-enhanced magnetic resonance imaging (DCE-MRI). After at least 2 months of training and competing, all participants underwent DCE-MRI (3.0T Philips Ingenia), and BBB permeability maps were c reated for each individual. 6 In brief, a linear fit was used to calculate the slope of contrast agent concentration in each voxel over time. As positive slopes reflect contrast-agent accumulation due to BBB dysfunction, a threshold for high permeability was defined as the 95th percentile of all slopes in the control group. The percentage of brain volume with suprathreshold voxels was used as a measure of overall BBB pathology in each individual. A gaussian mixture model was applied to automatically cluster all participants into 2 BBB integritybased groups. History, symptoms, and cognitive function were evaluated using the National Football League Sideline Concussion Assessment Tool and the Standardized Assessment of Concussion (http://www.nflevolution.com). Comparisons between groups were performed using the Mann-Whitney U test. Data analysis was performed in Matlab 2013 and results are shown as mean (SD).
Methods
Results | Following the exclusion of 1 player and 1 control participant owing to motion artifacts, gaussian mixture model clustering divided participants into 2 groups (P < .001): an intact-BBB group (mean [SD] suprathreshold voxels, 3.86% [2.2%]; n = 20) with 9 football players and 11 control participants and a pathological-BBB group (mean [SD] suprathreshold voxels, 16.29% [2.74%]; n = 7), of whom 6 were players (Figure 1 ). In the pathological group, high-BBB permeability was found in both gray and white matter of the cerebral cortex, with focal BBB lesions located in the base of temporal (n = 4), frontal (n = 5), parietal (n = 6), and occipital (n = 3) lobes (Figure 2 The slope of contrast-agent intensity in each voxel was calculated, with negative slopes reflecting contrast-agent washout from blood vessels, near zero slopes corresponding to BBB-protected brain tissue, and positive slopes reflecting contrast-agent accumulation due to BBB breakdown. The 95th percentile of all slopes in the control group (0.02) was defined as the threshold corresponding to high permeability. Automatic gaussian clustering of the percentage of suprathreshold voxels in each individual revealed 2 significantly different subpopulations (Mann-Whitney U test, P < .001): a group with low percentages, consisting of 11 control athletes and 9 players, and a group with high percentages, consisting of 6 football players and 1 control athlete.
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Discussion | In this study, DCE-MRI was able to reveal BBB pathology in 40% of the examined football players and 8.3% of the control athletes, with football players comprising 85.7% of the pathological-BBB group. While indirect evidence of BBB permeability in football players was previously inferred by relative changes in serum protein levels, 5 DCE-MRI enabled direct mapping of BBB lesions and quantitative assessment of overall BBB dysfunction. Although no correlation was found between BBB pathology and concussion history, possibly owing to BBB damage associated with repeated subconcussive impacts or unreported concussions, our results do associate football with an increased risk for BBB pathology. Limitations of this study include a relatively small sample size and lack of long-term follow-up. Further research is warranted toward understanding the natural course of BBB dysfunction in mTBI, establishing 
